US009440016B2

a2 United States Patent

Lin et al.

US 9,440,016 B2
*Sep. 13, 2016

(10) Patent No.:
45) Date of Patent:

(54)

(71)

(72)

(73)

")

@
(22)

(65)

(63)

(60)

HEMODIALYSIS AND PERITONEAL
DIALYSIS SYSTEMS HAVING
ELECTRODIALYSIS AND
ELECTRODEIONIZATION CAPABILITIES

Applicants: Baxter International Inc., Deerfield,
1L (US); Baxter Healthcare S.A.,
Glattpark (Opfikon) (CH)

Inventors: Rongsheng Lin, Buffalo Grove, IL
(US); Yuanpang Samuel Ding,
Libertyville, IL, (US); James M. White,
Grayslake, IL (US); Ye Chen, Buffalo
Grove, IL (US); Ying-Cheng Lo, Green
Oak, IL (US); Joshua Miller, Wilmette,
IL (US); Justin Rohde, Des Plaines, 1L

Us)

Assignees: Baxter International Inc., Deerfield,
1L (US); Baxter Healthcare S.A.,
Glattpark (Opfikon) (CH)

Notice: Subject to any disclaimer, the term of this

patent is extended or adjusted under 35
U.S.C. 154(b) by 0 days.

This patent is subject to a terminal dis-
claimer.

Appl. No.: 14/684,675

Filed: Apr. 13, 2015

Prior Publication Data

US 2015/0209500 A1l Jul. 30, 2015

Related U.S. Application Data

Continuation of application No. 13/796,799, filed on
Mar. 12, 2013, now Pat. No. 9,005,440, which is a
continuation-in-part of application No. 12/718,609,
filed on Mar. 5, 2010, now Pat. No. 8,858,792.

Provisional application No. 61/158,101, filed on Mar.
6, 2009.

36 4

\; : -
30-T T~ iy
2 L T

(51) Imt.CL
A6IM 1/16 (2006.01)
A6IM 128 (2006.01)
(Continued)
(52) US. CL
CPC ... AG6IM 1/1696 (2013.01); A6IM 1/1674
(2014.02); A61M 1/28 (2013.01);
(Continued)
(58) Field of Classification Search

CPC ... AG6IM 1/1674; A6IM 1/1696; A61M
1/287; A61M 1/28; BO1D 61/243; B01D
61/44; BO1D 61/58; BO1D 61/422

See application file for complete search history.

(56) References Cited
U.S. PATENT DOCUMENTS

3,617,545 A
5,244,568 A

11/1971 DuBois et al.
9/1993 Lindsay et al.

(Continued)

FOREIGN PATENT DOCUMENTS

WO
WO

03/040042 5/2003
2010/024963 3/2010

OTHER PUBLICATIONS

International Search Report for International Application No. PCT/
US2010/026336, mailed Jul. 26, 2010.

(Continued)

Primary Examiner — John Kim
(74) Attorney, Agent, or Firm — K&L Gates LLP

(57) ABSTRACT

Systems and methods for hemodialysis or peritoneal dialysis
having integrated electrodialysis and electrodeionization
capabilities are provided. In an embodiment, the dialysis
system includes a carbon source, a urease source, an
ED/EDI unit. The carbon source, urease source, and/or the
ED/EDI unit can be in the form of removable cartridges.

10 Claims, 15 Drawing Sheets

80




US 9,440,016 B2
Page 2

(51) Int. CL
BOID 61/24 (2006.01)
BOID 61/42 (2006.01)
BOID 61/44 (2006.01)
BOID 61/58 (2006.01)
(52) US.CL
CPC ... AG6IM 1/287 (2013.01); BOID 61/243

(2013.01); BOID 61/422 (2013.01); BOID
61/44 (2013.01); BO1D 61/58 (2013.01)

(56) References Cited

U.S. PATENT DOCUMENTS

5,350,357 A 9/1994
5,585,003 A 12/1996
5,662,806 A 9/1997
5,873,853 A 2/1999

5,984,891 A 11/1999
6,187,162 Bl 2/2001
6,196,992 Bl 3/2001
6,592,542 B2 7/2003

Kamen et al.
Van Newenhizen
Keshaviah et al.
Keilman et al.
Keilman et al.
Mir

Keilman et al.
Childers et al.

7,318,892 B2 1/2008 Connell et al.
2003/0105424 Al 6/2003 Karoor et al.
2007/0179431 Al 8/2007 Roberts et al.
2008/0164209 Al 7/2008 Zacerkowny et al.
2010/0224492 Al 9/2010 Ding et al.
2012/0273354 Al 11/2012 Orhan et al.
2013/0186759 Al 7/2013 Lin et al.

OTHER PUBLICATIONS

International Preliminary Report on Patentability for International
Application No. PCT/US2010/026336, mailed Aug. 5, 2011.
International Search Report for International Application No. PCT/
US2014/016376, dated May 22, 2014.

Manns et al., “The acu-men™: A new device for continuous renal
replacement therapy in acute renal failure,” Kidney International,
1998, vol. 54, pp. 268-274.

Written Opinion for International Application No. PCT/US2010/
026336, mailed Jul. 26, 2010.

Written Opinion for International Application No. PCT/US2014/
016376, dated May 22, 2014.

Canadian Office Action dated Feb. 16, 2016, corresponding to
Canadian Patent Application No. 2,754,522. 4 pages.



U.S. Patent Sep. 13,2016 Sheet 1 of 15 US 9,440,016 B2




US 9,440,016 B2

Sheet 2 of 15

Sep. 13, 2016

U.S. Patent

354 384 M-y 356
\ /

‘ i
v (. J
330‘”1 — T 382

e <1 380
1 ]
/a'




U.S. Patent Sep. 13,2016 Sheet 3 of 15 US 9,440,016 B2

a2 41}6
!
420 :
490 ( Y
R -
i \ - -
A
N A
! 418
!
M mm R e ma cm AR B4t am A ca . cn e e e e masaam ‘u;”
4?? 434 444 456
435_‘ \'\\ E 1’ N A“jh r 437 et m e
~o_il ! jiJ e }
430"“"#‘ ; . w2/
[ { b J 436 | 480
] i J
470/ 456";32 \
S I
452, ya



U.S. Patent

Conduntivity

%oy

Crrrent
{Amp}

18
16
14
12
10

g

£,
yé

I

A

10
3

S N PR e TR R

e

Sep. 13, 2016

Sheet 4 of 15

FIG. 6

200 mbanin

S,

40 a0 80

Voltage {volis)

00 120

FIG. 7

Elacirolvie Removal
--&-— 100 mbimin O— 200 mbdmin

Voltage {volts)

US 9,440,016 B2



US 9,440,016 B2

Sheet 5 of 15

Sep. 13, 2016

U.S. Patent

S8

3

3

S




US 9,440,016 B2

Sheet 6 of 15

Sep. 13, 2016

U.S. Patent

8

e
%2

53

.

&



U.S. Patent Sep. 13,2016 Sheet 7 of 15 US 9,440,016 B2

FIG. 10

PO BD 2000 Accusol 35 +5mid
NHAS0O3,  Neand N 1103

0%

3 H ;
] i i
3 ] 1
oL BT |
------ S R T :
v B om B
BO% [ §mmmmmme- R R L
E : ;
3 H H
] t i
] i i
3 H {
] [ i
. R 3 E 1
Y frm o e e
i ’ ! : !
u@’iﬁx}a N : :
Removal ; L@ Na
£903 : | :
SR e f ig JNRY
K-é{}g‘}'{\ e e oo ............f‘...,.. e e o e oo ....:........._... e e ..:..
i | i
: P K
E : 3
! :
Bl e e e e e e e e e fans o e o e s o o m e T -
S0 H 3 o Gadd
| i i
| :
| ; O g2
3 ] 1
{}(}{\ E § : ; g 5

it iy R 300 4G5
Uilute- iy Flow Rabs {(mb/ming



U.S. Patent Sep. 13,2016 Sheet 8 of 15 US 9,440,016 B2

Ardon i :

Hamoval ; ;
{
i
i

oy i

L s e e
i ; i
i ' ,
| |
| |

A ! ; i

\ ; : & HCO3-

1
1
i B
1
: i H !

g 0 20 300 $00
Dilute-Ire Flow Rate (mireng



U.S. Patent Sep. 13,2016 Sheet 9 of 15 US 9,440,016 B2

FIG. 12

RO ED 200 Scnusol 35 +5miv
{(NHE00S, Poser 1103

200

! i !
i i
| | |
i | j
: | | B
: : A
i i
L I R e :*"& ~~~~~~~~~~
| | A
o
: L ;
i i
t § i
3 i i i
Power 100 pommmmommmmeed e enans g1 boommmn oo
£ \wf‘} : { :
¥ . ! 3
i
i
! !
! |
i i
' l
2 B istan, 1038
H 1
) i
i ] -
5 & 2nelrun, 103
: x .

G WG 200 306 400

Ditute-In Flow Rals {mlming



US 9,440,016 B2

o5

=4

e

{3
& Tmbimin

£ S389mbimin

35

e

o es o oo e i o e o e e i o e o i 3 e i s o o 3 2 e o 2 e} o s . i o e e

FIG. 13

Sheet 10 of 15

FORADEDSARR: Ancusal

Sep. 13, 2016

100%
80%

T cand
PRENTHOWAY

Fa T

U.S. Patent

o

rnoval (%)

23
)

by

Na+ &



U.S. Patent Sep. 13,2016 Sheet 11 of 15 US 9,440,016 B2

FIG. 14

Mg? Removal (%)
FOBASSGESBE: Acousal 35 (648

'E{}{j zs) & : u&; ! @\%
; i } i
: N
H ] i
i : { !
| ! |
L e bomeneees —
i E { |
i : 1 |
i @ ! : E
i : ; |
i : i |
¥ § 0 L N S . e e e e e
- | | | |
Removal i ;
{503 ! : ‘
R i ! i !
R e b o
i i | |
' i 3 i
! i 1 1
i : { :
; ; i
! E ' |
i e ST - - :
1 B8mildmin
A& ATmlimin
o H i i
{g(ﬁ;}} .& i L i !

¥ 20% 4053% 80% 8% 100%
Nat Removat (%)



US 9,440,016 B2

MarhiHd

Sheet 12 of 15

“F
§

FIG. 15

&

Nid

“h

3

(.

?:

Sep. 13, 2016

U.S. Patent

‘Qz
PR

k3
&

sy
iy

‘:’3{} 2 .“

T0mMLmn
H
4
&

PR oY

@ e
o G-
k3 4
. £k

R
g

ox

530

T e

£

1

fok

<R

Nat Hemoval



US 9,440,016 B2

Sheet 13 of 15

Sep. 13, 2016

U.S. Patent

FQUAT4TIERE:

VHCOS

&

|
o e o o et e o o o e o o e o

STl imEn

R - - SN S

3
2

1
a



U.S. Patent

Sep. 13, 2016

Sheet 14 of 15 US 9,440,016 B2

FROM
DIALYZER/PATIENT 730
y
701 -
780
i 785, || L8 L& L) gy
Y ; |
- W —| -
782
790 790 790
T L i “I T ' ‘:"m:v T L] lm.\”
734 | 732 36 ||| I3 32 |74 ||| I3 IR | I38
-~ -~ = -~
| | ‘ | | ‘
{ BN R
s | 737 737 752 (735 755 737
e , 752
4.‘—.'
- 752 !
< Y
TO
X DIALYZER/PATIENT
\\i\_




U.S. Patent Sep. 13,2016 Sheet 15 of 15

US 9,440,016 B2

FROM
DIALYZER/PATIENT 830
— WATER ¥
801 — | R
|| es0 892
. ¥ i"ﬁf‘
884 | 883 | 886 F
885 — 887 .
858 - l l" -858
882
Lot W {1 -
saq—. | O
: | -
Y 83
gas— (821 V8RN gy
g3 | S A
I | - >
856 - i i 856
852
Y
TO

DIALY ZER/PATIENT



US 9,440,016 B2

1
HEMODIALYSIS AND PERITONEAL
DIALYSIS SYSTEMS HAVING
ELECTRODIALYSIS AND
ELECTRODEIONIZATION CAPABILITIES

PRIORITY CLAIM

This application claims priority to and the benefit as a
continuation of Ser. No. 13/796,799, filed Mar. 12, 2013,
now U.S. Pat. No. 9,005,440, which in turn claims priority
to and the benefit as a continuation-in-part of U.S. patent
application Ser. No. 12/718,609, filed Mar. 5, 2010, now
U.S. Pat. No. 8,858,792, which in turn claims priority to
U.S. Provisional Patent Application No. 61/158,101, filed
Mar. 6, 2009, the entire contents of each of which are
expressly incorporated herein by reference.

BACKGROUND

The present disclosure generally relates to dialysis sys-
tems. More specifically, the present disclosure relates to
systems and methods for hemodialysis or peritoneal dialysis
that recycle used dialysate through an electrodialysis- and
electrodeionization-based regeneration system. These sys-
tems can perform high volume dialysis treatments without
using large volumes of fresh dialysis fluid.

In both hemodialysis (“HD™) and peritoneal dialysis
(“PD”), two general classes of dialysis systems currently
exist. The first class uses fresh fluid (e.g., from a solution
bag or some sort of water purification system) to generate
dialysis fluid that is used to dialyze the individual. The
second class uses “sorbent” technology to remove uremic
toxins from waste dialysate. Therapeutic agents such as ions
and/or glucose can be injected into the treated dialysate,
which is used to continue the dialysis of the individual. The
main advantage of the sorbent based approach is that very
low volumes of fluid are required to achieve high volume
dialysis treatments.

Disadvantages of sorbent systems include their high cost,
disposability, and concerns regarding the purity of the
recycled solution, as many ions remain in the fluid after
treatment and verification of purity is technically challeng-
ing to perform. For example, sorbents can have high car-
tridge costs, insufficient removal of all of the tap water
impurities, and insufficient removal of all of the uremic
toxins in the used dialysate (e.g., sulfate). In addition,
possible chemicals may be released or leached from the
sorbent cartridge (e.g., zirconium). There may also be poten-
tial issues with pH and sodium balance.

SUMMARY

The present disclosure relates to systems and methods for
hemodialysis, hemofiltration, hemodiafiltration or peritoneal
dialysis having integrated electrodialysis (“ED”) and elec-
trodeionization (“EDI”) capabilities. The ED/EDI systems
and methods can further be utilized in portable dialysis
devices such as wearable artificial kidneys. In a general
embodiment, the dialysis system includes a carbon source, a
urease source, and an ED/EDI unit. The carbon source,
urease source, and/or the ED/EDI unit can be in the form of
removable cartridges. The ED/EDI approach maintains the
advantage of low fluid use in a sorbent system, but addresses
the key shortcomings of the sorbent system. The ED/EDI
technology is re-usable over very long periods of time (e.g.,
5 to 7 years) thereby reducing cost, and essentially removes
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all ionic contaminants from the waste dialysate (not just
selective ions), resulting in verifiably pure recycled solution.

In another embodiment, the disclosure provides a method
of performing hemodialysis. The method comprises passing
a spent dialysis fluid from a dialyzer through a carbon
source, a urease source and an ED/EDI unit to produce a
clean dialysis fluid, and passing the clean dialysis fluid
through the dialyzer. The clean dialysis fluid can pass
through an ion exchange unit before passing through the
dialyzer. In addition, one or more dialysis components can
be added to the clean dialysis fluid before the clean dialysis
fluid passes through the dialyzer.

In an alternative embodiment, the present disclosure pro-
vides a method of performing peritoneal dialysis. The
method comprises passing a spent dialysis fluid from an
individual through a carbon source, a urease source and an
ED/EDI unit to produce a clean dialysis fluid, and returning
the clean dialysis fluid to the individual. The clean dialysis
fluid can pass through an ion exchange unit before returning
to the patient. One or more dialysis components can be
added to the clean dialysis fluid before returning to the
individual. The clean dialysis fluid can also pass through a
filter or an ultraviolet bactericidal light returning to the
patient.

In yet another embodiment, the present disclosure pro-
vides a method of performing dialysis. The method com-
prises passing a spent dialysis fluid through a dialysis
compartment of a dialyzer including an ion-rejection mem-
brane that allows the passage of negatively charged ions and
nonionic species but restricts the passage of positively
charged ions. The ion-rejection membrane separates the
dialysis compartment from a dialysate compartment of the
dialyzer. The method further comprises passing used dialy-
sis fluid generated from the dialysate compartment of the
dialyzer through a carbon source, a urease source and an
ED/EDI unit to produce a clean dialysis fluid. A source
containing any desired negative ions is then added to the
clean dialysis fluid. The clean dialysis fluid passes through
the dialysate compartment of the dialyzer.

In an alternative embodiment, the ion-rejection membrane
allows the passage of positively charged ions and nonionic
species but restricts the passage of negatively charged ions.
In this regard, a source containing any desired positive ions
is then added to the clean dialysis fluid.

An advantage of the present disclosure is to provide an
improved blood treatment, e.g., hemodialysis system.

Another advantage of the present disclosure is to provide
an improved peritoneal dialysis system.

Yet another advantage of the present disclosure is to
provide a dialysis system that has a high purity of recycled
dialysis fluid.

Still another advantage of the present disclosure a dialysis
system having low operating costs.

Additional features and advantages are described herein,
and will be apparent from, the following Detailed Descrip-
tion and the figures.

BRIEF DESCRIPTION OF THE FIGURES

FIG. 1 illustrates a schematic of a dialysis fluid recycling
system for hemodialysis in an embodiment of the present
disclosure.

FIG. 2 illustrates a schematic of a dialysis fluid recycling
system for peritoneal dialysis in an embodiment of the
present disclosure.

FIG. 3 illustrates a schematic of a dialysis fluid recycling
system in another embodiment of the present disclosure.
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FIG. 4 illustrates a schematic of a dialysis fluid recycling
system for peritoneal dialysis in an embodiment of the
present disclosure.

FIG. 5 illustrates a schematic of a dialysis fluid recycling
system for peritoneal dialysis in another embodiment of the
present disclosure.

FIG. 6 is a graph showing the conductivity of a dialysis
solution treated using an EDI unit versus the operating
voltage of the EDI unit.

FIG. 7 is a graph showing the operating current of an EDI
unit versus the operating voltage of the EDI unit.

FIG. 8 is a schematic of a dialysis fluid recycling system
in another embodiment of the present disclosure.

FIG. 9 is a schematic of a dialysis fluid recycling system
in a further embodiment of the present disclosure.

FIG. 10 is a graph showing removal of sodium, ammo-
nium, potassium, calcium and magnesium cations as a
function of flow rate for a dialysis fluid treated using an
ED/EDI combination unit in one embodiment of the present
disclosure.

FIG. 11 is a graph showing removal of hypochlorite and
chloride anions as a function of flow rate for a dialysis fluid
treated using an ED component of an ED/EDI unit in one
embodiment of the present disclosure.

FIG. 12 is a graph showing power consumption versus the
flow rate for an ED component of an ED/EDI unit in one
embodiment of the present disclosure.

FIG. 13 is a graph showing removal of calcium versus
sodium cations at two flow rates using an EDI component of
an ED/EDI unit according to one embodiment of the present
disclosure.

FIG. 14 is a graph showing removal of magnesium versus
sodium cations at two flow rates using an EDI component of
an ED/EDI unit according to one embodiment of the present
disclosure.

FIG. 15 is a graph showing the ratio of sodium to
ammonium removed versus percentage of sodium cations
removed at two flow rates using an EDI component of an
ED/EDI unit according to one embodiment of the present
disclosure.

FIG. 16 is a graph showing the ratio of chloride to
hypochlorite removed versus percent of chloride anions
removed at two flow rates using an EDI component of an
ED/EDI unit according to one embodiment of the present
disclosure.

FIG. 17A is a schematic illustration of one embodiment of
a combination ED/EDI unit including commercially avail-
able ED unit and three commercially available EDI units.

FIG. 17B is a schematic of a combination ED/EDI unit
according to another embodiment of the present disclosure.

DETAILED DESCRIPTION

The present disclosure relates to systems and methods for
hemodialysis or peritoneal dialysis having integrated elec-
trodialysis (“ED”) and electrodionization (“EDI”) capabili-
ties. In alternative embodiments, the ED/EDI systems and
methods can be utilized and implemented in various hemo-
dialysis and peritoneal dialysis technologies. Such dialysis
systems are described in U.S. Pat. Nos. 5,244,568, 5,350,
357, 5,662,806, 6,592,542 and 7,318,892, which are incor-
porated herein by reference. The ED/EDI systems and
methods can further be utilized in portable dialysis devices
such as, for example, wearable artificial kidneys in which an
individual may move freely during dialysis. Portable dialy-
sis devices are described in U.S. Pat. Nos. 6,196,992,
5,873,853 and 5,984,891, which are incorporated herein by

15

20

30

35

40

45

4

reference. The ED/EDI systems and methods can be used in
medical centers and be implemented with on-site or at-home
dialysis treatments.

It should be appreciated that the EDI components of the
ED/EDI units discussed herein differ from electrodialyzers
(e.g., ED components). There are major differences between
electrodialysis and EDI. An electrodialyzer is used to
remove electrolytes from an aqueous feed solution intro-
duced into a diluate chamber. An example of an electrolyte
is NaCl. However, the level of electrolyte removal is not
allowed to go below a certain limit. If one goes to a lower
limit with very few electrolyte-based ions left in the solu-
tion, water splitting occur (also known as “electrolysis™),
and a considerable amount of energy is wasted in splitting
the water. This water splitting is needed for the current to
flow between the electrodes maintained in the electrodialysis
stack. The proton and the hydroxyl ion resulting from the
water splitting will carry the current. It is to be avoided for
a variety of reasons.

An electrodeionizer is an electrodialyzer in which the
diluate channel into which the feed solution is introduced is
filled with a bed of mixed ion exchange resin beads. At the
top of the channel where the feed solution is introduced, the
electrolytes present in the feed solution carry the current.
Even though the ion exchange resin beads are there, they do
not serve much of a deionization function. The mixed ion
exchange resin beads in the electrodeionizer enhance the
efficiency of removing the electrolytes from the dialysate
solution as well as alleviate the effects of water splitting as
a result of little to no electrolytes remaining in the solution
further down the channel.

For each of the embodiments discussed herein, the ED
and EDI units, whether integrated or separate, can be made
of' metal, plastic, or some combination thereof. If plastic, the
plastic is a medical grade plastic, such as polyvinyl chloride
(“PVC)”. If metal, the ED and EDI units can be stainless
steel. Regardless of material, the ED and EDI units can be
reused or be single use. For example, a metal version of the
ED and EDI units can be hot water or steam disinfected after
a treatment and be reused, say for another hemodialysis or
blood treatment. Plastic and hybrid metal/plastic units can
also be disinfected for reuse. In another example, a plastic
version of the ED and EDI units can be used a single time,
e.g., for peritoneal dialysis, and then discarded.

Systems of the Present Disclosure

In a general embodiment, a dialysis fluid recycling system
10 for hemodialysis is illustrated in FIG. 1. As shown in FIG.
1, a circuit 12 represents a standard blood circuit for a
hemodialysis machine. Circuit 12 cycles blood from an
individual 16 via flow path 22 through a dialyzer 20 and
returns it to the individual’s body via flow path 24. Dialyzer
20 can include a dialysate compartment and a blood com-
partment separated by a suitable membrane. A circuit 14
includes an EDI unit or module 30 in dialysis fluid recycling
system 10. Module 30 can be constructed and used once or
reused as described above. Circuit 14 can also include a
carbon source 40 and a urease source 50 connected to carbon
source 40 via flow path 42. Carbon source 40, urease source
50, and/or EDI unit 30 can be in the form of one or more
removable cartridge, such as part of a disposable or reusable
pumping and/or valving cartridge.

EDI unit 30 can include a central chamber 32, an anion
chamber 34 having an anode 35, and a cation chamber 36
having a cathode 37. As fluid exiting urease source 50 flows
to central chamber 32 via flow path 44, a potential difference
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between anode 35 and cathode 37 causes the electrolytes in
the fluid in central chamber 32 to flow into anion chamber
34 and cation chamber 36. Specifically, negatively charged
ions flow into anion chamber 34 while positively charged
ions flow into cation chamber 36 where they are subse-
quently removed. The treated fluid that passes through EDI
unit 30 exits as part of a treated fluid stream via flow path
52. A waste fluid stream filled with electrolytes exits via flow
path 54 that can lead to a drain 70.

EDI unit 30 can also be modified so that a suitable
quantity of fluid can be recirculated around EDI unit 30 via
flow path 56. This reduces the amount of fluid flowing
through EDI unit 30 that would end up as part of the waste
fluid stream. As a result, a higher quantity of fluid exits as
the treated fluid stream as compared to the quantity of
treated fluid from an EDI unit without recirculation.

During operation, after priming system 10 with an appro-
priate amount of fluid (in this case, priming fluid can be any
of, dialysis fluid, sterile bagged water, tap water in its raw
form, tap water purified through standard means such as
deionization and/or reverse osmosis, or a combination
therein), the dialysis solution is recirculated through circuit
14 via flow path 18 in the direction indicated. Used dialysis
fluid leaves dialyzer 20 saturated with uremic toxins, as well
as normal dialysis fluid components such as dextrose and
ions (e.g., sodium, calcium, magnesium, etc.). The organic
toxins of the fluid, as well as the lactate or bicarbonate buffer
of the solution, are then removed from the fluid through
adsorption onto a carbon surface (e.g. activated carbon or
other appropriate organic neutralizing surface) of carbon
source 40.

Urea, which is not well removed by carbon, is then
exposed to urease source 50. Urease is an enzymatic catalyst
which facilitates the breakdown of urea into ammonium and
ammonia (e.g., depending on pH). Urease source 50 can be
immobilized on any suitable surface that allows the passage
of a liquid or be a membrane impregnated with cross-linked
urease enzyme crystals.

The pKa of ammonium ion is 9.25. For efficient removal,
the pH needs to be below neutral. At lower pH’s, a greater
portion of ammonia will be in ionized form. Passing it
through an optional cation exchanger will help lower the pH
and have better removal of ammonia. Removal of the
ammonium in can also be accomplished within EDI unit 20.

After the fluid has passed through urease source 50, all
organic contaminants will have been adsorbed or broken
down into ionic contaminants before entering EDI unit 30.
In EDI unit 30, ions are removed from the fluid through
electromagnetic facilitated transport through cation and
anion selective membranes. The fluid that exits EDI unit 30,
in contrast to currently existing sorbent systems, contains
very few ions, e.g., with nominal fluid resistivity approach-
ing or in excess of 5 MQ-cm. In this regard, EDI unit 30 can
render the zirconium phosphate layer, zirconium bicarbon-
ate layer and/or ion exchange layer typically used for
ammonium/ion removal unnecessary.

After EDIunit 30, ions and/or fluids can be replaced in the
clean fluid stream through the addition of one or more
concentrated dialysis components from a concentrate or
fluid metering source 80 via flow path 82. The concentrated
dialysis components can include one or more osmotic agents
(e.g., dextrose, icodextrin, glucose polymers, glucose poly-
mer derivatives, amino acids), buffers (e.g., lactate, bicar-
bonate) and electrolytes (e.g. sodium, potassium, calcium,
magnesium) from a small fluid source. After this addition,
the fluid is compositionally equivalent to fresh dialysis
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solution and can be used to remove additional uremic toxins
from the individual’s blood stream.

To further realize the benefits of EDI over existing sorbent
systems, EDI unit 30 would not be expected to be replaced
over the foreseeable lifetime of the hemodialysis systems/
devices. Carbon source 40 and urease source 50 can be
replaced at some determined interval, but these are much
lower cost components than sorbent cartridges and do not
negatively impact the economic benefits of the system.
Alternatively, EDI unit 30 can be provided in the form of a
removable or disposable cartridge, such as part of a dispos-
able or reusable pumping and/or valving cassette.

In an embodiment shown in FIG. 1, additions can be made
to enhance the functionality and/or safety of the system. For
example, biological purity of system 10 can be assured
through replacement of circuits 12 and 14 after each treat-
ment, along with dialyzer 20. However, circuits 12 and 14
can also be re-used for multiple treatments if suitable
disinfection and sanitization methods were undertaken.
These can include all currently accepted methods, such as
heat sanitization, chemical sanitization (including ozona-
tion), addition of ultraviolet (“UV”) bactericidal lights, and
the addition of additional dialyzers and/or ultrafilters in the
system with a pore size appropriate for the removal of
bacterial and sub-bacterial contaminants.

The monitoring of system 10 can be enhanced through the
inclusion of an optional ammonia sensor in the loop after
EDI unit 30 to ensure that all ammonia has been removed.
Because fluid of resistance approaching 5 MQ2-cm can be
made after passing through EDI unit 30, an optional con-
ductivity sensor may be used to assure there is no ammonia
versus the traditional approach of using an ammonia sensor.
Finally, one or more optional ion exchanger unit 60 that have
low cost and/or high capacity can be used to supplement EDI
unit 30 to improve its performance or reduce its necessary
size. These optional ion exchangers can include a phosphate
removal exchanger with a bicarbonate counter ion to
enhance phosphate removal or a cation exchanger that helps
to remove any remaining ammonia.

The dialyzers in any embodiments of the present disclo-
sure can include an ion-rejection membrane that allows the
passage of negatively charged ions and nonionic species but
restricts the passage of positively charged ions. Alterna-
tively, the dialyzers in any embodiments of the present
disclosure can include an ion-rejection membrane that
allows the passage of positively charged ions and nonionic
species but restricts the passage of negatively charged ions.

In another embodiment, a dialysis fluid recycling system
110 for peritoneal dialysis is illustrated in FIG. 2. As shown
in FIG. 2, a circuit 112 cycles spent dialysis fluid from an
individual 116 via flow path 122 through a dialyzer 120 and
returns it to the individual’s body via flow path 124. Dia-
lyzer 120 can include a dialysate compartment and a peri-
toneal dialysis fluid compartment separated by a suitable
membrane. A circuit 114 includes an EDI unit 130 in the
dialysis fluid recycling system. EDI unit 130 can be con-
structed to be reused or used once as described above. Fluid
from dialyzer 120 transfers to circuit 114 via flow path 118.

Circuit 114 can also include a carbon source 140 and a
urease source 150 connected to carbon source 140 via flow
path 142. Circuit 114 can further include an optional ion
exchange unit 160 in fluid connection with EDI unit 130 via
flow path 152. Flow path 152 can lead directly back to
dialyzer 120. Carbon source 140, urease source 150, ion
exchange unit 160, and/or EDI unit 130 can be in the form
of one or more removable cartridge, such as part of a
disposable or reusable pumping and/or valving cassette.
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EDI unit 130 can include a central chamber 132, an anion
chamber 134 having an anode 135, and a cation chamber
136 having a cathode 137. As fluid flows through central
chamber 132 via flow path 144, a potential difference
between anode 135 and cathode 137 causes the electrolytes
in the fluid in central chamber to flow into anion chamber
134 and cation chamber 136. The treated fluid that passes
through EDI unit 130 exits as part of a treated fluid stream
152 that leads back to dialyzer 120. A waste fluid stream
filled with electrolytes exits via flow path 54 that leads to a
drain 170.

EDI unit 130 can also be modified so that a suitable
quantity of fluid can be recirculated around EDI unit 130 via
flow path 156. This reduces the amount of fluid flowing
through EDI unit 130 that would end up as part of the waste
fluid stream.

System 110 is nearly identical to the hemodialysis system
10 of FIG. 1. However, in this embodiment, the solution
being passed through circuit 112 represents peritoneal dialy-
sis fluid, rather than individual’s 116 own blood. The peri-
toneal dialysis procedure can be run, for example, in a
“continuous flow” mode, where used dialysis fluid exits the
individual’s peritoneum as new fluid enters it through a dual
lumen catheter. The used fluid is passed through dialyzer
120 where uremic toxins are removed and the waste fluid is
treated just as it would be in hemodialysis. The composition
of a concentrate addition to the fluid stream in flow path 152
from a concentrate or fluid metering source 180 via flow
path 182 may be specifically tailored for peritoneal dialysis.

Additions to this type of system, along with those
described for the hemodialysis system, can be included to
enhance effectiveness or safety of the system. In an embodi-
ment, the typical dialyzer membrane can be replaced with an
ion-rejection membrane that allows the passage of nega-
tively charged ions and nonionic species, but restricts the
passage of positively charged ions (or vice versa). In this
case, the peritoneal dialysis loop that is recirculating to the
individual would be cleared of uremic toxins (which are
neutrally or negatively charged), but the concentrate addi-
tion would not need to include replacement of the positive
ions of the dialysis solution, which enhances the efficiency
of the system.

In an alternative embodiment, a dialysis fluid recycling
system 210 for hemodialysis or peritoneal dialysis is illus-
trated in FIG. 3. As shown in FIG. 3, a circuit 212 cycles
fluid from an individual 216 through a dialyzer 220 and
returns it to the individual’s body. A circuit 214 includes an
EDI unit or module 230 in the dialysis fluid recycling
system. EDI unit or module 230 can be constructed to be
used once or reused as described above.

Circuit 214 can also include a carbon source 240 and a
urease source 250 connected to carbon source 240 via flow
path 242. Circuit 214 can further include an optional ion
exchange unit 260 in fluid connection with EDI unit 230 via
flow path 252. Flow path 252 can lead directly back to
dialyzer 220. Carbon source 240, urease source 250, ion
exchange unit 260, and/or EDI unit 230 can be in the form
of one or more removable cartridge, such as part of a
disposable or reusable pumping and/or valving cassette.

EDI unit 230 can include a central chamber 232, an anion
chamber 234 having an anode 235, and a cation chamber
236 having a cathode 237. As fluid flows through central
chamber 232 via flow path 244, a potential difference
between anode 235 and cathode 237 causes the electrolytes
in the fluid in central chamber to flow into anion chamber
234 and cation chamber 236. The treated fluid that passes
through EDI unit 230 exits as part of a treated fluid stream
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252. A waste fluid stream filled with electrolytes exits via
flow path 254 that leads to a drain 270.

EDI unit 230 can also be modified so that a suitable
quantity of fluid can be recirculated around EDI unit 230 via
flow path 256. This reduces the amount of fluid flowing
through EDI unit 230 that would end up as part of the waste
fluid stream.

After leaving EDI unit 230 via flow path 252, one or more
dialysis components from a concentrate or fluid metering
source 280 via flow path 282 may be specifically tailored for
the specific type of dialysis performed. An additional puri-
fication or treatment component 290 in the form of a filter or
ultraviolet bactericidal light can be added to circuit 212, as
shown in FIG. 3. Fluid exiting dialyzer 220 via flow path
226 can be further filtered or subject to a bactericidal light
to enhance the bacterial purity of system 210. The treated
fluid can then enter individual 216 via flow path 224.
Purification component 290 can be especially important to
peritoneal dialysis because bacterial contamination is a
significant concern for the treatment.

In yet another embodiment, a dialysis fluid recycling
system 310 for peritoneal dialysis is illustrated in FIG. 4. As
shown in FIG. 4, a circuit 312 cycles blood from an
individual 316 through a circuit 314. In order to perform the
peritoneal dialysis treatment as shown in FIG. 4, flow path
318 of recycling system 310 can be constructed such that
spent dialysis fluid from individual 316 is sent directly to
recycling system 310 without the need for “dialyzing” the
PD fluid. The peritoneal dialysis procedure can be run, for
example, in a “continuous flow” mode.

Circuit 314 includes an EDI unit or module 330 in the
dialysis fluid recycling system. EDI unit or module 330 can
be constructed to be used once or reused as described above.
Circuit 314 can also include a carbon source 340 and a
urease source 350 connected to carbon source 340 via flow
path 342. Circuit 314 can further include an optional ion
exchange unit 360 in fluid connection with EDI unit 330 via
flow path 352. Flow path 352 can lead directly back to
dialyzer 320. Carbon source 340, urease source 350, ion
exchange unit 360, and/or EDI unit 330 can be in the form
of one or more removable cartridge, such as part of a
disposable or reusable pumping and/or valving cartridge.

EDI unit 330 can include a central chamber 332, an anion
chamber 334 having an anode 335, and a cation chamber
336 having a cathode 337. As fluid flows through central
chamber 332 via flow path 344, a potential difference
between anode 335 and cathode 337 causes the electrolytes
in the fluid in central chamber to flow into anion chamber
334 and cation chamber 336. The treated fluid that passes
through EDI unit 330 exits as part of a treated fluid stream
352. A waste fluid stream filled with electrolytes exits via
flow path 354 that leads to a drain 370.

EDI unit 330 can also be modified so that a suitable
quantity of fluid can be recirculated around EDI unit 330 via
flow path 356. This reduces the amount of fluid flowing
through EDI unit 330 that would end up as part of the waste
fluid stream.

After leaving EDI unit 330 via flow path 352, one or more
dialysis components from a concentrate or fluid metering
source 380 via flow path 382 may be specifically tailored for
the type of dialysis performed. An additional purifying
component 390 such as a filter, UV light, and/or other
commonly accepted methods can optionally be used on the
inlet line to the individual’s 316 peritoneal cavity to prevent
bacterial contamination and also on the line from the indi-
vidual back to system 310 (not shown) to prevent retro-
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contamination to individual 316. The purified dialysis solu-
tion can be provided to individual 316 via flow path 322.

In yet another embodiment, a dialysis fluid recycling
system 410 for peritoneal dialysis is illustrated in FIG. 5. As
shown in FIG. 5, a circuit 412 cycles dialysis fluid from an
individual 416 to via flow path 422 to a three way valve 490.
From three-way valve 490, the fluid flows to a circuit 414 via
flow path 418 where the fluid is recycled. System 410 is
designed to operate in a standard peritoneal dialysis therapy
mode where fluid is injected, allowed to dwell, then
removed from individual 416. Once the dialysis fluid has
been purified, the dialysis fluid is then sent back to indi-
vidual 416 via flow path 418, allowed to dwell, removed,
purified, and repeated. The control of the flow direction can
be accomplished with three-way valve 490 as shown in FIG.
5.

Circuit 414 includes an EDI unit 430. EDI unit or module
430 can be constructed to be used once or reused as
described above. Circuit 414 can also include a carbon
source 440 and a urease source 450 connected to carbon
source 440 via flow path 442. Circuit 414 can further include
an optional ion exchange unit 460 in fluid connection with
EDI unit 430 via flow path 452. Flow path 552 can lead
directly back to dialyzer 420. Carbon source 440, urease
source 450 and/or ion exchange unit 460 can be in the form
of removable cartridges. After leaving EDI unit 430 via flow
path 452, one or more dialysis components from a concen-
trate or fluid metering source 480 via flow path 482 may be
specifically tailored for the type of dialysis performed.

EDI unit 430 can include a central chamber 432, an anion
chamber 434 having an anode 435, and a cation chamber
436 having a cathode 437. As fluid flows through central
chamber 432 via flow path 444, a potential difference
between anode 435 and cathode 437 causes the electrolytes
in the fluid in central chamber to flow into anion chamber
434 and cation chamber 436. The treated fluid that passes
through EDI unit 430 exits as part of a treated fluid stream
452. A waste fluid stream filled with electrolytes exits via
flow path 454 that leads to a drain 470.

EDI unit 430 can also be modified so that a suitable
quantity of fluid can be recirculated around EDI unit 430 via
flow path 456. This reduces the amount of fluid flowing
through EDI unit 430 that would end up as part of the waste
fluid stream.

In still another alternative embodiment, a dialysis fluid
system 510 for hemodialysis (or other blood treatment) or
peritoneal dialysis, having recycling capabilities, is illus-
trated in FIG. 8. In this embodiment, the water source for
regeneration of dialysate is an ultrapure, sterile or injectable
quality water source 592, which is fed via pump 598/ and
associated valves to ED/EDI unit 530. Water source can for
example be a water purification machine, such as one set
forth in U.S. Patent Publication No. 2011/0197971, entitled,
“Water Purification System And Method”, filed Apr. 25,
2011, the entire contents of which is incorporated herein by
reference and relied upon. In some embodiments, about
twelve to eighteen liters of ultrapure or sterile water per
dialysis session are provided by sterile water source 592.
This twelve to eighteen liters of water is used to replenish
fluid pumped or delivered to drain 570.

As shown in FIG. 8, a blood or peritoneal dialysis fluid
circuit 512 cycles fluid, e.g., from an individual 516 through
a dialyzer 520 and returns the fluid to the individual’s body.
A dialysis fluid recirculation circuit 514 includes a combi-
nation ED/EDI unit or module 530. A peritoneal dialysis
application may use dialyzer 520 and separate circuits 512
and 514. Here circuit 512 is sterile, while circuit 514 can be
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less than sterile due to the separation by the membranes of
dialyzer 520. Alternatively, dialyzer 520 is removed and
circuits 512 and 514 are merged into one another, eliminat-
ing structure and possibly a pump. Here, however, the fluid
returning directly to the patient via the recirculation and
cleaning loop needs to be sterile or injectable quality. The
combination ED/EDI unit 530 includes an ED component
580 in fluid connection with an EDI component 590 via flow
path 582. ED/EDI unit or module 530 can be constructed to
be used once or reused as described above.

The ED component 580 in the illustrated embodiment
includes a central chamber 583, an anion chamber 584
having an anode 585, and a cation chamber 586 having a
cathode 587. As spent fluid flows through central chamber
583 via flow path 584, a potential difference between anode
585 and cathode 587 causes the electrolytes in the fluid in
central chamber 583 to flow or migrate into anion chamber
584 and cation chamber 586. The treated fluid that passes
through the ED component 580 enters the EDI component
590 via flow path 582. A waste fluid stream filled with
electrolytes exits ED component 580 via flow path 554 that
leads to a drain 570.

The EDI component 590 in the illustrated embodiment
includes a central chamber 532, an anion chamber 534
having an anode 535, and a cation chamber 536 having a
cathode 537. EDI component 590, and in the illustrated
embodiment cation chamber 536 of component 590, is in
fluid connection at junction 538 with an acid solution or acid
concentrate 594 and sterile water source 592. System 510
includes valves (not illustrated), such as valves operating in
conjunction with fluid pumps 598e¢ and 598, to selectively
deliver acid concentrate and/or ultrapure, sterile or inject-
able water to EDI component 590. As spent dialysate flows
through central chamber 532 via flow path 544, a potential
difference between anode 535 and cathode 537 causes the
electrolytes in the fluid in central chamber 532 to flow or
migrate into anion chamber 534 and cation chamber 536.
The treated dialysis fluid tha